We experimentally investigate the decoherence of single surface plasmon polaritons in metal stripe waveguides. In our study we use a Mach-Zehnder configuration previously considered for measuring decoherence in atomic, electronic and photonic systems. By placing waveguides of different length in one arm we are able to measure the amplitude damping time T1 = 1.90 ± 0.01 × 10 −14 s, pure phase damping time T * 2 = 11.19±4.89×10 −14 s and total phase damping time T2 = 2.83±0.32×10 −14 s. We find that decoherence is mainly due to amplitude damping, and thus loss arising from inelastic electron and photon scattering plays the most important role in the decoherence of plasmonic waveguides in the quantum regime. However, pure phase damping is not completely negligible. The results will be useful in the design of plasmonic waveguide systems for carrying out phase-sensitive quantum applications, such as quantum sensing. The probing techniques developed may also be applied to other plasmonic nanostructures, such as those used as nanoantennas, as unit cells in metamaterials and as nanotraps for cold atoms.
INTRODUCTION
Plasmonic systems involve electromagnetic excitations of light coupled to electron charge density oscillations on the surface of metals [1] . These hybrid excitations of light and matter are known as surface plasmon polaritons (SPPs) and the electromagnetic field is highly confined [2, 3] . This confinement has opened up many applications for controlling light at the nanoscale, including nanoantennas for sending and receiving light signals [4] , the enhancement of photovoltaics for solar cell technology [5] , and many more [6] . The hybrid nature of SPPs has also raised the interesting prospect of integrating photonics and electronics in the same platform [7] . Most recently, studies have investigated plasmonics in the quantum regime [8] , with single-photon sources [9] [10] [11] [12] and single-photon switches [13] [14] [15] being proposed and experimentally realized. These nanophotonic devices are important for emerging quantum technologies, such as photonic-based quantum computers [16, 17] and quantum communication networks [18] . Following on from early work probing SPPs with quantum states of light, such as entangled photons [19] , recent studies have demonstrated several key quantum applications, including quantum sensing and imaging [20] [21] [22] [23] [24] , quantum spectroscopy [25] , quantum logic gates [26] , entanglement generation [27] and distillation [28] , and quantum random number generation [29] . What is surprising is that all of these applications can be realized even in the presence of loss, which is always present in plasmonic systems as they are scaled down to confine light to smaller scales.
In the classical regime, loss has been studied extensively, both in plasmonic nanostructures and waveguides [1] . At the microscopic level, loss is mainly due to the electron dynamics in the metal, which are governed by electron-electron scattering events, and electrons scattering with other charge carriers, phonons, defects and impurities [30] . In the quantum regime, loss -commonly referred to as amplitude damping [31] -has recently been studied in terms of its impact on the quantum statistics of single SPPs in waveguides [32, 33] . However, in addition to loss of amplitude, an important factor that also needs to be taken into account is loss of coherence, both spatial and temporal [34] . In the classical regime, there have been many works that have investigated loss of coherence in plasmonic nanostructures and waveguides, both spatially [35] [36] [37] [38] and temporally [39] [40] [41] [42] [43] [44] . At the microscopic level, pure loss of coherence is due to elastic electron scattering processes that do not lead to the loss of energy from the plasmon oscillation [39, 45] . In the quantum regime, loss of coherencecommonly referred to as phase damping [31] -has not yet been studied for single SPPs. While results in the classical regime suggest that phase damping does not have a significant impact on the plasmon dynamics in nanostructures [39] and in waveguides of short length [44] , it is not yet known how lowlevel excitations of light are affected, nor what role it may play in the plasmon dynamics in longer waveguides. Given the increasing number of applications already demonstrated for plasmonics in the quantum regime it is important to understand the relative impact of amplitude damping, which also causes loss of coherence, and phase damping, so that phasesensitive quantum applications may be properly developed.
In this work we experimentally investigate amplitude and phase damping for single SPPs in waveguides. We refer to both types of damping as 'decoherence' because amplitude damping also reduces the coherence properties of single excitations [31, 46] . For the dimensions of the gold stripe waveguides we use, as depicted in Fig. 1 (a) , the spatial mode is well defined as a single mode [47] [48] [49] [50] , with the SPPs excited in the number state degree of freedom. As a result, the decoherence is in the temporal domain as the SPP propagates. We probe plasmonic waveguides of varying lengths in a MachZehnder interferometer configuration that has previously been used to study decoherence in atomic [52] [53] [54] [55] [56] , electronic [57] [58] [59] , photonic [60, 61] and relativistic [62] The configuration allows us to extract out values for the two main damping mechanisms of the SPP system, as depicted in Fig. 1 (b) : the amplitude damping time, T 1 -the time it takes for the probability of an SPP in the excited state to reduce to 1/e its initial value -and the pure phase damping time, T * 2 -the time it takes for the off-diagonal elements of an SPP state to reduce to 1/e their initial values. The total phase damping time, T 2 , for a single SPP includes contributions from both T 1 and T * 2 , and is given by the relation T
, i.e. T 2 ≤ 2T 1 [31] , where the presence of T 1 is a result of amplitude damping also contributing to total phase damping. In our experiment we find values of T 1 = 1.90 ± 0.01 × 10 −14 s, T * 2 = 11.19 ± 4.89 × 10 −14 s and therefore T 2 = 2.83 ± 0.32 × 10 −14 s. These suggest that the total phase damping time is dominated by amplitude damping, showing that loss of amplitude is the most important factor in the decoherence of single SPPs in the plasmonic waveguides. However, the role of pure phase damping is not completely negligible. Our work shows that both amplitude and pure phase damping can lead to decoherence in quantum plasmonic systems, and it provides useful information about the loss of coherence that should be considered when designing plasmonic waveguide systems for phase-sensitive quantum applications, such as quantum sensing [20] [21] [22] [23] and quantum imaging [23, 24] . The techniques developed here for characterising decoherence in plasmonic waveguides may be useful for studying other plasmonic nanostructures, such as those used as nanoantennas [4] , as unit cells in metamaterials [63, 64] and as nanotraps for cold atoms [65] .
EXPERIMENTAL SETUP
The setup used to probe SPP decoherence is shown in Fig. 1c . Here, a microscope is used to excite single SPPs on plasmonic waveguides by coupling in single photons generated via spontaneous parametric down-conversion (SPDC). Pairs of horizontally polarized single photons at 810 nm are produced by using a vertically polarized 200 mW continuous wave laser at 405 nm focused onto a Beta Barium Borate (BBO) crystal cut for type-I SPDC. Phase matching conditions lead to photons from a given pair being emitted into antipodal points of a forward directed cone with an opening angle of 6
• [66, 67] . Polarizing beamsplitters (PBSs) are positioned in the path of the down-converted beams to clean up the polarization of the photons and remove any light with vertical polarization. Filters at 800 nm are placed on both paths (∆λ = 40 nm) to spectrally select out the down-converted photons. Such broad filters are used in order to maximize the generation rate of photon pairs for probing the plasmonic waveguides. While this influences the spectral quality of the photons, we will show later that we obtain a second-order correlation value well below 0.5, which is a clear indication that our experiments are performed in the single-photon regime.
After the filters, each beam from the SPDC is sent to a singlemode fiber. One of the fibers is directly connected to a singlephoton silicon avalanche photodiode detector (SAPD) Excelitas SPCM-AQR-15, which monitors the arrival of one photon from a given SPDC pair. A detection of a photon at the SAPD heralds the presence of a single photon in the other fiber [66] . In order to maintain the polarization of the heralded photon while it is transferred to the microscope, a polarization maintaining (PM) fiber is used.
Two main configurations of the setup shown in Fig. 1c are used in the experiment. We denote these as configuration A and configuration B. In configuration A, which is used for measuring amplitude damping, half-wave plate 2 (HWP2), the PBS and the beamsplitter (BS) are not present. In this case, single photons are introduced to the stage via the beam expander (BE). Then, HWP1, a linear polarizer (LP) and a quarter-wave plate (QWP) are used to control the polarization of the photons and maintain them as linearly polarized. HWP4 is used to optimize the polarization for coupling the single photons into single SPPs on the waveguides [32] . A microscope objective (100×) focuses the beam of single photons onto the input grating of a plasmonic waveguide, as depicted in Fig. 1a . Excited single SPPs then propagate along the waveguide and are decoupled back into photons at an output grating. The microscope collects the decoupled photons, which are picked off by a knife-edge mirror (KM) and directed to a multimode fiber (MM) via a fiber coupler (FC). The MM fiber is connected to a SAPD. A detection of a photon together with a detection of the corresponding heralding photon from the SPDC pair within a coincidence window of 8 ns confirms single photons were sent through the microscope stage, converted to SPPs and then back into photons again.
In configuration B, which is used for measuring phase damping, all components shown in Fig. 1c are present. These enable the quantification of the impact of waveguide propagation on the coherence properties of single photons converted into SPPs. In this configuration, the microscope becomes part of one arm in a Mach-Zehnder interferometer (MZI) by using the PBS and BS, with one path photonic and the other plasmonic. Details of configuration B will be described later.
The plasmonic waveguides probed have a range of different lengths, from 7.32 µm to 32.47 µm. They are gold stripes 2 µm wide and 70 nm high. At the ends of the waveguides are gratings of height 90 nm made from 11 steps of period 740 nm, serving as inputs and outputs for converting photons to SPPs and back again [32] . Due to the design of the gratings, the optimal angle for in-coupling a photon is normal to the waveguide surface. Furthermore, due to reciprocity, the photons output from a grating at the end of a waveguide are also normal to the waveguide. This enables the insertion and collection optics in our setup to all be placed on the same side of the waveguide sample. The waveguides are fabricated as follows. First, a positive photoresist is spin-coated on a silica glass substrate (refractive index 1.526), and then electron beam lithography is used to define the waveguide regions. Finally, a lift-off technique is used, with an adhesion layer of Ti (thickness 2-3 nm) followed by a 70 nm Au layer deposition using electron beam evaporation. The gratings are formed on the top in a similar process, utilising alignment marks to match the layers. A 3D image of the waveguides has been obtained using an atomic force microscope (NT-MDT Smena), as shown in the inset of Fig. 1c .
RESULTS
We start with the results for amplitude damping of single SPPs using the microscope stage in configuration A, i.e. without the MZI (HWP2, PBS and BS removed). Recent experiments have confirmed the bosonic nature of SPPs [68] [69] [70] [71] [72] and explored related quantum behaviour [73] . Initial results have also been obtained for amplitude damping of single SPPs [32] . Here, we confirm these results and provide a more detailed analysis of the role of amplitude damping in the decoherence process. We then investigate phase damping of single SPPs, which to our knowledge has not been done before. The study of amplitude and phase damping at the same time allows us to combine both into a general model for decoherence of single SPPs. In Fig. 1b we show the energy level structure for a system of a bosonic particle (the SPP) [74] . Amplitude damping is associated with energy loss and the system, initially in an excited state |1 , will decay to the ground state |0 after some time t through its interaction with the environment. For the SPP this arises from electron collisions in the supporting metal which cause energy loss in the electronic degree of freedom of the SPP, as well as surface defects and the mode structure of the waveguide causing energy loss in the optical degree of freedom due to coupling of light into the far-field. In general, for single bosonic excitations undergoing amplitude damping we have the following transformation of the density matrix for the system,
where ρ i j = i| ρ(0) | j are the initial entries of the density matrix at t = 0 in the number state basis, |n , and Γ 1 characterizes the strength of the damping induced by the environment [31] . In the classical regime, Γ 1 corresponds to population decay or loss, the value of which is easily found by measuring the decay of the SPP intensity as a function of waveguide length. Here, the length at which the intensity has dropped to 1/e of its initial value is the propagation length L [1] , and the value for Γ 1 is then the inverse of the time at which the SPP reaches this length (T 1 ), given by
where v g is the group velocity of the SPP. In the quantum regime, when single SPPs are considered, the value of Γ 1 can be found similarly, but the intensity measurement is replaced by the mean single-excitation count rate [32, 33] . This can be obtained in our setup by measuring the rate of coincidences between the heralding photon and the photon that has undergone the photon-SPP-photon conversion process, as the waveguide length increases. A coincidence detection corresponds to the case where a single photon was generated, converted to a single SPP and then converted back to a single photon. The length at which the coincidence rate drops to 1/e of its initial value is then the propagation length L in the single-SPP regime. It represents the length at which the probability of an excited single SPP to propagate to that point reduces to 1/e [32] . The value for Γ 1 is then obtained as in the classical case. To check that we are able to probe single SPPs in the waveguides we measure the second-order correlation function g 2 (0) for single photons sent through a waveguide of length 7.47 µm, as described in Ref. [32] . We find g (2) (0) = 0.26 ± 0.01, which is below 0.5, confirming we are in the single-excitation regime [74] .
We first measure the propagation length L using the microscope in configuration A in the classical regime using a white laser source (Fianium WL-MICRO) and a filter centred at 810 nm with ∆λ = 10 nm. The input intensity is set to a few mW and the transmitted light intensity (10 4 − 10 5 cps) is recorded by an SAPD coupled to a MM fiber, as shown in Fig. 1 (c) . The results for different waveguide lengths are shown in Fig. 2 (a) . One can clearly see the well-observed exponential decay of the intensity as the waveguide length increases. We find a propagation length of L = 5.85 ± 0.03 µm. This value is similar to previous experimental work [29, 32] , although slightly smaller than the 10 µm predicted using finite element simulation (COMSOL) of the stripe waveguide [47] [48] [49] [50] . The difference may be caused by edge effects along the lateral width of the waveguides, surface and material defects during fabrication, and a small deviation of the actual dielectric function of gold from that used in the simulation [51] .
To convert the propagation length to the amplitude damping time T 1 we obtain the SPP dispersion relation for the plasmon mode in the waveguide from the simulation. Based on this, we find the group velocity v g (ω 0 ) = 2.958 × 10 8 ms
at the free-space wavelength λ 0 = 810 nm. A more rigorous approach would be to directly measure the group velocity; however, for the waveguide dimensions and free-space wavelength we consider, theoretical simulation describes the experimental data reasonably well [49] . Furthermore, here we use the group velocity simply to convert damping factors into the time domain and their values in the spatial domain and relative ratios are valid regardless. Using the group velocity we find Γ 1 = 5.06 ± 0.01 × 10 13 s −1 and an amplitude damping time of T 1 = Γ −1 1 = 1.98 ± 0.01 × 10 −14 s. In Fig. 2 (b) we show the results for single SPPs in our experiment. Here, the exponential decay of the mean count rate (observed via the coincidence rate) is seen as the waveguide length increases. The data collection time has been increased to 24s for each length in order to measure a similar number of counts as the classical case, which has a shorter collection time of 1s. We find a propagation length of L = 5.61 ± 0.05 µm, consistent with the result from the classical regime. From this we obtain Γ 1 = 5.27 ± 0.02 × 10 13 s [31], where T * 2 is the pure phase damping time. Thus, from the above result we already have an upper bound of T 2 ≤ 2T 1 for single SPPs in the quantum regime. However, T * 2 remains to be found to determine the exact value of T 2 , and could reduce it appreciably.
Pure phase damping characterized by the time T * 2 is associated with interactions where energy is maintained and therefore a system initially in a ground state, or excited state, will remain in that state after some time t. However, a state in a superposition of ground and excited states will experience a loss of coherence between the states due to a time varying change in the relative phase. For the SPP this arises from electron collisions in the supporting metal associated with elastic processes [39, 45] . For single bosonic excitations we have the following transformation of the density matrix,
where Γ * 2 characterizes the strength of the damping induced by the environment [31] . In the classical regime, Γ * 2 corresponds to the loss of temporal coherence. We obtain its value in the classical and quantum regime by placing different length plasmonic waveguides inside a MZI and measuring the loss of interference between the two paths, as shown in Fig. 1 (d) . In what follows, we describe how this is done in the quantum regime and link it with the classical case in the corresponding limit.
We start with the case of no decoherence in the waveguides. In Fig. 1 (d) we consider the input state |0 1 |1 2 , correspond-ing to a single photon in mode 2. The first beam splitter (BS1) transforms the state to [74] 
Taking the neutral density (ND) filter and plasmonic waveguide as having unit transmission, and the mirrors (M1 and M2) contributing a phase factor e iπ/2 to each term, we have the following state after the second beamsplitter (BS2),
. (4) Here, the phase φ corresponds to a change in path length 1 caused by mirror M1 placed on a translation stage and the phase δ = k spp , with k spp the SPP wavenumber and the length of the plasmonic waveguide. The probability of a photon detected in mode 1 is then simply
We now introduce decoherence in the system. When amplitude and pure phase damping are included in the plasmonic waveguide, the transformations in Eqs. (1) and (2) are applied to the state after the first beamsplitter, given by Eq. (3). The transformations are given explicitly for mode 2 by
2 t e −Γ1t/2 |1 0| and |1 1| → e −Γ1t |1 1|. The probability of a photon detected in mode 1 then becomes
is already known from previous measurements and δ is a fixed phase for a given waveguide length , then by measuring p(φ) as φ is varied using the translation stage of M1, the remaining unknown parameterΓ * 2 can be extracted to obtain Γ * 2 , and thus T * 2 . In practice, however, the impact of amplitude damping in the plasmonic waveguide reduces the average value of p(φ) significantly and in the most extreme case we have p(φ) = 1/4, as only photons going through the free-space arm of the MZI will be detected. As the amplitude damping in the plasmonic waveguide becomes large it is difficult to observe oscillations in p(φ) and extract outΓ * 2 . This problem can be addressed by introducing an additional tuneable amplitude damping on the free-space arm using a variable neutral density (ND) filter. As the photon is also a boson, we can use Eq. (1) to model the damping, which changes the probability of detection to
where Γ characterizes the amplitude damping on the freespace arm. This parameter can be tuned to matchΓ 1 in the plasmonic waveguide by blocking the plasmonic waveguide arm and measuring the output counts in mode 1 as the ND filter is varied. In order to integrate the MZI of Fig. 1 (d) into our microscope stage more easily we replace BS1 and the variable ND filter with a PBS preceded by HWP2, as shown in Fig. 1 (e) . This configuration provides polarization control over the relative splitting into modes 1 and 2 , and allows us to increase the rate of photons injected into the plasmonic waveguide compared to the original configuration of Fig. 1 (d) . HWP4 provides polarization control for optimising coupling of single photons to single SPPs and HWP3 rotates the polarization of the free-space arm to match the output of the plasmonic beamsplitter in order to obtain interference at the BS. For a given waveguide length, once HWP3 and HWP4 have been modified, the polarization state in the free-space and plasmonic arms is fixed for the entire set of measurements. The above modifications change the detection probability to
where Γ 1 and Γ 2 are controlled by HWP2, and we set Γ 1 = Γ 1 + Γ 2 in order to observe clearly a symmetric oscillation in p(φ). Finally, we include a possible asymmetry in the splitting at the BS, which has an order of magnitude larger error in its splitting than the PBS. With reflection and transmission coefficients R and T , respectively, for the BS, this changes the detection probability to
From the above equation it would appear that only a single waveguide length is needed to extract outΓ * 2 . However, in practice it is not always possible to get a complete overlap of modes 1 and 2 at the BS. This non-ideal overlap reduces the visibility of the oscillations in p(φ) and acts as an effective phase damping, which we describe using the parameter Γ int . Thus,Γ * 2 in Eq. (9) is transformed asΓ * 2 → Γ e f f =Γ * 2 + Γ int . Due to this non-ideal overlap, it appears that we must also find Γ int to obtainΓ * 2 . This can be done by extracting Γ e f f from p(φ) for waveguides of different lengths and then using Γ e f f ( ) = Γ * 2 /v g + Γ int , where the pure phase damping per unit length, Γ * 2 /v g , is the gradient of Γ e f f ( ) and Γ int is the y-intercept.
In Fig. 2 (c) and (d) we plot Γ e f f ( ) for increasing waveguide length in the classical and quantum regime, respectively. For the classical case, Γ e f f ( ) is obtained by fitting the function I(φ) = I in p(φ) to intensity measurements, where I in is the initial input intensity to the MZI. Examples of the intensity measurements for the different waveguide lengths probed in the classical regime are shown in Fig. 3 (a)-(d) (left hand column) over a period of oscillation. A Monte Carlo simulation is carried out for each of these figures, where Γ e f f ( ) is varied to fit the function I(φ) for 200 instances of a given figure. Each instance has its data points drawn randomly from within the standard deviations measured at each value of φ using a Poissonian distribution. All other parameters of I(φ) are known except for Γ e f f ( ), and the resulting values extracted are shown in Fig. 2 (c) . The error bars on each value are obtained by analysing and fitting I(φ) to several periods of oscillation for each waveguide length . From Fig. 2 (c) we find a gradient of Γ * 2 /v g = 0.042 ± 0.003 (µm) −1 and thus a value of Γ * 2 = 1.25 ± 0.11 × 10 13 s −1 and T * 2 = 8.03 ± 0.71 × 10 −14 s. It should be noted that the periods of the oscillations shown in Fig. 3 are not all equal to the wavelength of the single photons (810 nm). The change in the period is due to small differences in the angle of the output beam for different length waveguides. Although the output beams from the gratings are designed to be normal to the waveguide surfaces, small differences in the lateral beam displacement due to the different length of the waveguides results in an angle change when the beams pass through the microscope objective. The result is that the delay distance x that the mirror stage moves is rescaled by a small geometric factor s, becoming sx. The change in period does not have any effect on the values of the decay parameters extracted from the fits as these are dependent only on the amplitude and mid-point of the oscillations.
In Fig. 2 (d) we perform the same extraction method for single SPPs and Fig. 3 It is also interesting to inspect the values of Γ int , which are found to be 0.048 ± 0.061 and 0.893 ± 0.193 for the classical and quantum case. The difference in values is due to the better mode overlap achieved in the classical case, as the interference could be optimized by monitoring the intensity fluctuations with a spectrometer in real-time and with a reduced bandwidth for the source of light. Indeed, one can see the better mode overlap via the high visibility of the oscillations in the classical case in Fig. 3 (a) . For the quantum case, due to the low count rates real-time monitoring could not be performed and a similarly good mode overlap was not possible. The low count rates are also the cause of the larger error bars in Fig. 2 (d) , as the statistical fluctuations are larger due to the instability of the MZI over the longer time periods required for data collection. The single-SPP amplitude damping measurements shown in Fig. 2 (b) do not require the MZI and thus have smaller error. Improvements to the generation rate of our single-photon source would allow an increase in visibility and reduction in the error in the phase damping investigation. It would also allow the probing of longer waveguides. However, even with the current setup we are able to observe the same trend of Γ e f f in the quantum regime as seen in the classical regime.
An important factor that might influence our measurement The visibility is given in the inset for each panel and related to system parameters by V = (pmax − pmin)/(pmax + pmin). While Γ1 has been obtained using a fixed input intensity for all waveguide lengths, a fixed input intensity is not used here. This is due to the additional presence of the interferometer, which leads to the oscillating output signal being more sensitive as the measured counts reduce. As a result, the input intensity is increased for longer waveguide lengths using HWP's 3 and 4, which are fixed for the entire set of measurements for a specific waveguide. Therefore maximum counts do not necessarily decrease as the waveguide length increases. Iin is modified in the extraction model to take this into account.
of pure phase damping is dispersion in the plasmonic waveguides. For large dispersion, the SPP wavepacket would spread significantly and any interference between the photon it is converted into and the free-space photon would be reduced, and appear as phase damping. In order to assess the impact of this effect, we calculate the group velocity dispersion (GVD) coefficient, defined as [75] . Using the dispersion relation for the plasmonic waveguides from the mode simulation [47] [48] [49] [50] , we find D ω0 = 5.81 × 10 −25 s/m-Hz. To see how this affects the interference, as an example we take an initial Gaussian wavepacket spectral amplitude for a single SPP centred on ω 0 as ξ 0 (ω) = (2πσ
2 ω , where a single SPP is described as |1 ξ = dωξ 0 (ω)â † (ω) |0 [33, 74] . The initial temporal spread is σ t0 = 1/2σ ω . After time t, the wavepacket has moved a distance and spread according to
2 ) −1/2 . We then have the corresponding spectral
2 ω,t , with σ ω,t = 1/2σ t . Calculating the overlap of ξ 0 (ω) and ξ t (ω) gives a quantity that represents how well the mode from the plasmonic waveguide overlaps with the free-space photonic mode at the BS in the MZI [76] . Here, ξ 0 (ω) represents the photon in the free-space mode (negligible dispersion) and ξ t (ω) represents the photon from the plasmonic waveguide (with dispersion). Setting σ ω = ∆ ω /2 √ 2ln2, with ∆ ω corresponding to a FWHM of ∆λ = 40 nm, and taking ω 0 corresponding to the central wavelength λ 0 = 810 nm and using the GVD coefficient together with a length = 90 µm (more than 3 times the longest waveguide considered), we find ξ * 0 (ω)ξ t (ω)dω = 0.99. Thus it is expected that there is a negligible impact of dispersion on the interference for the waveguide lengths considered.
We now combine all the results in this study, taking the amplitude damping and pure phase damping values found. The combined phase damping time is T 2 = (T −1 1 /2 + T * −1 2 ) −1 = 2.65 ± 0.08 × 10 −14 s and 2.83 ± 0.32 × 10 −14 s in the classical and quantum regimes, respectively. We are therefore able to confirm that in both cases, amplitude damping is the main source of phase and amplitude decay in the plasmonic waveguides, although pure phase damping modifies the phase damping by a relatively small amount. A summary of the main results of the study is given in Tab. I.
While the present work has focused on a specific type of metal, i.e. gold, as an initial study, the probing of decoherence in other types of metallic media that support surface plasmons, such as silver and graphene, would be an important next step. In addition, we have considered only a fixed wavelength of 810 nm, mainly due to experimental access to single photons at this wavelength via parametric down-conversion. However, other single-photon sources with different wavelengths are possible, such as solid state emitters, e.g. quantum dots and nitrogen vacancy centres. It is not clear what to expect at these wavelengths, as the fundamental mechanisms which cause pure phase damping in waveguides are not well known. This is an important area of future study, both theoretically and experimentally, for developing plasmonics for quantum technological applications.
DISCUSSION
In this work we investigated the decoherence of SPPs in plasmonic waveguides in the classical and quantum regimes. We measured both amplitude and phase damping effects of SPPs. We found that for classical SPPs and single SPPs, amplitude damping is the main source of amplitude and phase decay. The results will be useful in the design of phasesensitive quantum plasmonic applications, such as quantum sensing and allow appropriate quantum states to be chosen for a given task to be achieved. While our work has been limited to probing decoherence for single excitations of SPPs in the quantum regime and many excitations in the classical regime, there is an intermediate regime, involving low numbers of excitations that remains to be investigated. It would be interesting to confirm the role of decoherence in this regime, where the bosonic SPP mode is treated as a qudit [77] . This would be important for developing quantum plasmonic state engineering at the few SPP excitation number.
